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A B S T R A C T
The domestication of the horse and the development of new equestrian technologies have had a far-reaching
impact on human history. Disentangling the respective role that horse males and females played during this
process is, however, difficult based on iconography and osteological data alone. In this study, we leveraged an
extensive ancient DNA time-series to determine the molecular sex of 268 horses spread across Eurasia and
charted the male:female sex ratio through the last 40,000 years. We found even sex ratios in the Upper
Palaeolithic and up until ~3900 years BP. However, we identified a striking over-representation of horse males
in more recent osseous assemblages, which was particularly magnified in funerary contexts but also significant in
non-ritual deposits. This suggests that the earliest horse herders managed males and females alike for more than
one thousand years after domestication at Botai, but that the human representation and use of horses became
gendered at the beginning of the Bronze Age, following the emergence of gender inequalities in human societies.
1. Introduction
The domestication of the horse some ~5500 years ago (Outram et al.,
2009) represented a turning-point in human history (Kelekna, 2009). In
addition to providing us with faster transportation, it also revolutionized
warfare first with the development of chariotry in the early Bronze Age,
some ~4000 years ago (Anthony and Brown, 2011) and 1200 years later,
in the early Iron Age, with the emergence of mounted cavalry (Drews,
2004). Reconstructing the early stages of the horse domestication process
on the basis of classical zooarchaeological proxies has been contentious in
the absence of clear morphological changes before the Iron Age (Benecke
and von den Driesch, 2003). Additionally, morphological variation in
osseous assemblages that are frequently fragmentary is often not sufficient
to determine hybrids and genders (Baxter, 1998). This has thus limited our
capacity to track the onset of mule breeding (Schubert et al., 2017) and
differential male and female management through space and time.
The application of methodologies at the forefront of ancient genomics
to equine remains has, in the last few years, considerably enhanced our
understanding of the horse domestication process, from its early stages to
its most modern developments (see (Orlando, 2019) for a recent review).
This work uncovered the survival of divergent lineages in both Iberia and
Siberia until at least the third millennium BCE (Before Common Era)
(Fages et al., 2019; Gaunitz et al., 2018; Librado et al., 2015; Schubert
et al., 2014b). These now-extinct lineages were found to have had no
significant contribution to the genetic makeup of modern domestic horses.
Additionally, the earliest domestic horses known in the archaeological
record and excavated from the Botai settlements of the northern Central
Asian steppes, were found to belong to another lineage than that com-
prising all modern domestic horses (Gaunitz et al., 2018). In fact, they
appeared directly ancestral to Przewalski’s horses, which were previously
considered as the last remaining truly wild horses living on the planet (Der
Sarkissian et al., 2015). The ancient genome data currently available
suggested that modern domestic horses developed from another genetic
background within the third millennium BCE, either via another in-
dependent domestication, or through introgression capture, a process by
which the original genetic source becomes diluted as the domestic stock
expands and mixes with wild local populations (Larson and Fuller, 2014).
Finally, the extensive ancient genome time-series generated thus far has
also started to uncover how past breeders managed and transformed the
available genetic resources in different (pre-)historical contexts by means
of admixture, selection and stud formation (Fages et al., 2019; Librado
et al., 2017). For example, recent work revealed that specific stallion
lineages have increasingly participated in breeding for approximately
~2000 years (Fages et al., 2019; Wutke et al., 2018), in particular those
Oriental stallion bloodlines that were especially favored during the
Modern time period (Felkel et al., 2018; Wallner et al., 2017).
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The respective contributions of males and females in the different
osseous assemblages made available for ancient DNA analyses have
remained, however, overlooked. Yet, identifying the molecular sex of
animal individuals requires minimal sequence data, and ancient DNA
work has started to uncover important sex bias in the mammoth
(Pečnerová et al., 2017), brown bear and bison (Gower et al., 2019)
fossil records, possibly owing to differential behaviour and/or dispersal
ranges between males and females. The control of horse reproduction
resulting from domestication may also have introduced differential
patterns of survival in males and females, following what seen in cattle,
in which large proportions of male calves are culled. Additionally, so-
cial and/or ritual preferences as well as the restriction of specific
working tasks to one gender only may have led to different occurrences
of males and females in animal bone assemblages associated with an-
thropogenic contexts. This has been for example documented in Scy-
thian Pazyryk funerary rituals, during which males were preferentially
sacrificed (Lepetz, 2013; Librado et al., 2017), or in Viking Age graves
(Nistelberger et al., 2019), also largely over-represented in horse males.
In this study, we monitored for the first time the male:female sex
ratio in horse assemblages across time and tracked possible changes
that may have been driven by human management. To achieve this, we
complemented the ancient DNA time transect currently available for
horses by generating shotgun sequence data for 19 Upper Paleolithic
horses excavated in the Goyet (Germonpré, 1997) and Trou Magritte
(Otte and Straus, 1996) caves, Belgium (Fig. 1). These provided sex
ratio estimates prior to domestication. The sequence data previously
generated for a total of 249 ancient horses (Table A1) allowed us to
follow how male:female sex ratios evolved in the face of the domes-
tication process (Fages et al., 2019; Gaunitz et al., 2018; Librado et al.,
2015; Orlando et al., 2013; Schubert et al., 2014b).
2. Material & methods
2.1. Data generation
Drilling and DNA extraction were performed in the ancient DNA fa-
cilities of the GLOBE institute, formally known as the Centre for
GeoGenetics, University of Copenhagen, Denmark. We extracted DNA
from 178 to 570 mg of bone or tooth powder following the protocol de-
scribed in (Yang et al., 1998) and modified by (Gamba et al., 2016),
Table 1). In short, pulverized powder was pre-digested for one hour at
37 °C in 4 ml of a lysis buffer consisting of EDTA 0.45 M, Proteinase K
0.25 mg/ml and N-lauryl Sarcosyl 0.5%. The resulting pellet was then
digested overnight at 42 °C in an identical fresh lysis buffer. The super-
natant of the second digestion was recovered, concentrated and purified
on Minelute columns (QIAGEN©). DNA extracts were incubated with
USERTM enzyme mix (NEB®, 0.235 units/mL) at 37 °C for 3 h to limit the
impact of post-mortem cytosine deamination, which are typical of ancient
DNA (Briggs et al., 2007). We then built blunt-end double stranded
genomic libraries following (Meyer and Kircher, 2010), as modified in
(Gamba et al., 2016) and subjected a 1:20 dilution of each library to a
quantitative real-time PCR (Polymerase Chain Reaction) on a Roche
LightCycler 480 Real-Time PCR System to determine the adequate cycle
number for library amplification. Subsequently, libraries were amplified
by PCR for 9–16 cycles, as in (Gamba et al., 2016). Each PCR was per-
formed in a total reaction volume of 25 μl, using 3 to 6 μl of library, 1 unit
of AccuPrimeTM Pfx DNA polymerase and custom forward and reverse
PCR primers at 200 nM final molarity. Each reverse PCR primer was de-
signed to contain a unique 6-nucleotide barcode used for sequence de-
multiplexing (Table 1). Libraries thus amplified and indexed were purified
on Minelute columns (QIAGEN©), eluted in 25 μl of elution buffer (10 mM
Tris-HCl, pH = 8.5 and 0.05% Tween) and quantified on a Tapestation
2200 instrument (Agilent Technologies). Finally, purified DNA libraries
were pooled and sequenced on an Illumina HiSeq2500 platform at the
Danish National High-Throughput DNA Sequencing Centre (Copenhagen,
Denmark) using the Single-Read sequencing mode (80 or 100 cycles).
2.2. Data statistical analyses
The DNA sequences of each individual horse specimen were pro-
cessed through the same computational pipeline aimed at (1) identi-
fying high-quality alignments against the horse reference genome
(EquCab2, (Wade et al., 2009)) and (2) determining the taxonomic
status and gender. Both steps were carried out using PALEOMIX
(Schubert et al., 2014a), in which DNA sequencing reads were first
trimmed for adapter sequences and/or low-quality ends through
AdapterRemoval2 (Schubert et al., 2016). They were subsequently
aligned using BWA version 0.7.17 (Li and Durbin, 2009) with default
parameters, except that seeding was disabled, then realigned using
GATK (McKenna et al., 2010), and filtered for PCR duplicates using
MarkDuplicates and for mapping quality scores strictly lower than 25
using samtools (Li et al., 2009). Sequence data aligned against the horse
reference genome EquCab2 (Wade et al., 2009) are available on the
European Nucleotide Archive (ENA): PRJEB38037.
Taxonomic status and sex were determined using Zonkey (Schubert
et al., 2017), which is integrated within PALEOMIX (Schubert et al.,
2014a), and shows maximal sensitivity and specificity as long as
1000–10,000 aligned sequences are available. This was the case for all
individuals investigated in this study. Male:female sex ratios were cal-
culated within time bins of 1000 years and considering a step value of
250 years. Confidence intervals per time bin were estimated assuming
binomial sampling in R (R Core Team, 2013). Statistical significance for
possible shifts in male:female sex ratios was tested within pre-defined
time windows using a Fisher’s exact test in R (R Core Team, 2013). For
each time window, we also tested deviation from expected parity with a
two-tailed binomial test. The different time windows considered for
testing statistical significance were pre- and post-3200 years cal. BP to
pre- and post-4600 years cal. BP, shifting time every 100 years. We next
rejected that the geographic distributions of males and females were
significantly different prior to domestication across Eurasia. To achieve
this, we performed Kolmogorov-Smirnov tests on the latitude and
longitude distributions independently, and a kernel test based on dis-
tances between all sites represented in the male and female subsets,
available in R (R Core Team, 2013), as recently implemented by Gower
and colleagues (Gower et al., 2019). Finally, we also confirmed that the
fractions of endogenous DNA found in male and female samples were
not significantly different using a Kolmogorov-Smirnov test in R (R Core
Team, 2013). All figures were plotted in ggplot2 (Wickham, 2016) in R.
2.3. Sex assignment performance
The procedure underlying sex assignment in Zonkey builds on the
expected difference in coverage between the autosomes and the X chro-
mosome in males and females. More specifically, for each individual
chromosome, the total number of nucleotide bases covered is normalized
by the total length of the chromosome. If the normalized coverage ob-
tained for the X chromosome is within the range observed across each
individual autosome, the individual is suggested to be a female. It is
suggested as male in the case the normalized coverage obtained for the X
chromosome is approximately only half the range observed across each
individual autosome. The assignment is however only suggestive and no
further statistical test is performed. To quantify the performance of this
procedure quantitatively, we have formalized a statistical test aimed at
rejecting the two null hypotheses that the individual is a male (H0a), or a
female (H0b). The test consists of building a contingency table comprising
the coverage achieved on the autosomes and the X chromosome on the
one hand, and the length of the autosomes and the X chromosome on the
other hand. Then, a Chi-square test is applied and the p-values returned
provide a measure of the strength of the rejection of both null hypotheses.
Finally, the individual is assigned as male if the ratio of p-values returned
for H0a and H0b is superior to 1,000,000 or as female if this ratio is
inferior to 0.000001. The sex of the individual is left unassigned other-
wise. The performance of this procedure was evaluated in one female
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individual by random sampling reads from the bam alignment filtered for
mapping quality and PCR duplicates. The number of reads ranged from
100 to 5000, incrementing by values of one hundred until 2000 and then
by values of 1000. The procedure was repeated for a male individual. The
following tables (Table B1 and Table C1) provide the number of male and
female assignments considering a total of 100 pseudo-replicates. Inter-
estingly, the procedure returned positive predictive values, which consist
of the ratio of True Positives and the sum of True Positives and False
Positives, comprised between 97% and 100% as long as a minimum
number of 800 reads were available for males. It was comprised between
93.8% and 100% for females as long as a minimum number of 900 reads
were available. In the case that 3000 reads or more were available, the
positive predictive value of this procedure was equal to 100%. We thus
conclude that sub-optimal sex assignment can be achieved from ap-
proximately ~1000 reads (false-positive rate = 2% and false-negative
rates = 1% for both males and females) and that full predictive power is
obtained from approximately ~3000 reads for both sexes.
3. Results
Previous screening of ancient DNA preservation levels in horse bone
samples excavated at Goyet, Belgium identified the presence of four fe-
males (Fages et al., 2019). In order to estimate male:female sex ratios in the
Upper Palaeolithic of the region, we further extended the genetic analyses
to an additional number of 14 specimens from the same cave, and five
specimens from Trou Magritte, which represents another neighbouring
cave. DNA extracts were compatible with library building and generation
of low-coverage sequence data for all 19 specimens (representing a total of
1,338,640–63,696,650 sequencing reads per individual, Table 2). En-
dogenous DNA levels provided sufficient read numbers to confirm all 19
samples as horses and to determine the molecular sex of each individual.
Five new samples from Goyet and three samples from Trou Magritte were
identified as females, while all other 11 specimens consisted of males. This
provided a 11:12 (~0.92) male:female sex ratio for the Upper Palaeolithic
of Belgium. This number indicated a more balanced male:female sex ratio
than the 3:7 value obtained when applying the same computational pro-
cedure to previously published Upper Paleolithic horse data from the
Taymyr peninsula, north-eastern Siberia, Russia (Orlando et al., 2013;
Schubert et al., 2014b). Including two more Upper Palaeolithic horse re-
mains from Kokorevo and Merzly Yar, two sites located in the south-wes-
tern Siberian range, brought the male:female sex ratio to 5:7 (~0.71), on
par with the results obtained in the Upper Palaeolithic of Belgium. This
indicates no sex-bias amongst the horse bone assemblages pre-dating horse
domestication (two-tailed binomial test, p-value = 0.736).
We next applied the same procedure to Neolithic and Eneolithic osseous
remains for which sufficient amounts of sequencing reads were previously
generated to confirm the specimens investigated as horses. At Botai, where
the earliest evidence for horse domestication was reported (Outram et al.,
Fig. 1. Geographical distribution of horses included in this study. A. Geographical distribution of female and male horses. Pie charts are proportional to the total
number of specimens excavated at each site. Gold refers to females and green to males. B. Temporal and geographical distribution of horses. Pie charts are
proportional to the total number of specimens excavated at each site. The colour gradient indicates the average age of samples per site, from 0 (yellow) to 8000 years
(red). Sites older than 8000 years are also shown in red.
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2009), we found no statistical support for unbalanced male:female sex ratios
(15:13, ~1.15; two-tailed binomial test, p-value = 0.851). The same was
true when including six older Eneolithic/Neolithic specimens from Russia
(Lebyazhinka IV, Altata and Derkul) and Iran (Tepe Mehr Ali), which pro-
vided a male:female sex-ratio estimate of 19:15 (~1.17, two-tailed binomial
test, p-value = 0.608). Likewise, extending the analyses to six horse males
and seven females dated to 4500–5200 cal. BP confirmed the presence of
statistically balanced sex-ratios between the first half of third millennium
and the sixth millennium BCE (25:22, ~1.14; two-tailed binomial test, p-
value = 0.771). Binning the remaining horse data that were previously
published for 187 horses revealed highly unbalanced sex-ratios for the fol-
lowing time period (i.e. the last 4600 years), which included 146 males and
43 females (ratio ~3.48). This indicates a statistically significant over-re-
presentation of males in osseous horse assemblages from approximately
4600 years ago (binomial test, p-value = 2.57e-14).
The male:female sex-ratios estimated for all horse remains identified
prior to and following 4500 years ago, or any subsequent century until
3200 years ago, also indicated a shift towards the presence of more
males in osseous assemblages in the more recent past with ratios being
significantly different prior to and after shift date (Table 3, Fisher’s
exact tests, p-values< 6e-5; two-tailed binomial tests, p-values< 7e-
14). The lowest p-values were obtained for a shift date of
3900 years cal. BP (two-tailed binomial test, p-value = 3.75e-15;
Fisher’s exact test, p-value = 4.17e-6), suggesting a strong shift in
animal gender representation occurred around this date.
This finding was confirmed when calculating male:female sex ratios
within time bins of 1000 years and a step-size of 250 years (Fig. 2), as the
earliest time bin for which confidence intervals did not intersect the 1:1
unbalanced expectation was 3450–4450 years cal. BP. This strongly sug-
gests that the economic shifts associated with the early Bronze Age in-
troduced a bias in the occurrence of males within horse osseous assem-
blages. Indeed, the adoption of Bronze metallurgy, as it necessitated work
compartmentation and favoured the development of long-distance ex-
change of prestige goods, strongly contributed to the emergence of social
stratification (Kristiansen and Rowlands, 2005), and hence to a social and
symbolic distinction in the role of males and females in Eurasian cultures.
The trend towards an over-representation of males was maintained in all
subsequent 1000-year time bins (i.e. following 3450 years cal. BP, Fig. 2).
This pattern held true even when excluding sites for which at least five
horses but only one sex was identified (reduced dataset, Table 3, Fig. A1).
Additionally, we tested whether the geographical distribution of
males and females prior and after 3900 years cal. BP could explain the
male:female sex ratios observed. While the geographic dispersions of
males and females prior to 3900 years cal. BP did not show any statistical
difference (kernel test, p-value = 0.877), they appeared to be different
after 3900 years cal. BP when taking all samples into account (kernel
test, p-value = 0.003). As this is most likely due to the accumulation of
sites where only males have been identified, we thus created a reduced
dataset, filtered out all sites for which at least five horses but only one sex
was identified. After excluding a total of four sites out of 72, geographic
dispersions of males and females did not differ significantly (kernel test,
p-value = 0.079). This rejected differential geographic dispersal in males
and females as a potential cause for the observed sex-ratio bias. Finally,
the distributions of endogenous DNA levels in males and females were
also not found to be statistically different, ruling out sex-specific tapho-
nomic bias as a possible driver (Kolmogorov-Smirnov test, p-
value = 0.059). We also caution that cultural filtering in the types of
excavated sites in Eurasia might introduce a bias in our dataset, but we
hypothesize that this bias should be negligible considering the geo-
graphical and temporal diversity of the sites investigated in this study.
4. Discussion
In this study, we used low-coverage DNA sequence data to estimate the
male:female sex ratios of horse osseous assemblages from the Upper
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males and females throughout the Upper Palaeolithic and until ~3900 years
ago. This includes the Eneolithic Botai site, where horses were reported to
be both hunted and managed as herds (Outram et al., 2009). The unbiased
sex ratios suggest no particular hunting preference for females by Upper
Palaeolithic hunter gatherers but also during early stages of horse man-
agement. This is in striking contrast to what was recently reported in other
herbivore megafaunal species such as the bison (Gower et al., 2019) and the
woolly mammoth (Pečnerová et al., 2017), but also for the brown bear, for
which the sex representation showed a strong excess of males during the
late Pleistocene. The evidence for unbalanced sex ratios was interpreted to
be the result of less risk-adverse behaviour and/or increased dispersal rates
in males, whereby sexually mature bachelor males disperse while females
remain clustered in their native herds. The even sex ratio observed here
indicates that the social structure of horses, which naturally corresponds to
herds dominated by a single reproductive stallion, did not impact the sexual
representation of the fossil record.
The balanced representation of adult horse males and females at the
Eneolithic Botai settlement provided important information about how
male and female animals were managed during the earliest stages of
domestication. Although criticism of the horse domestication at Botai has
been levied based on mortality distributions, non-selective kill-patterns
and metacarpal measurements (Benecke and von den Driesch, 2003;
Kosintsev, 2010; Kosintsev and Kuznetsov, 2013; Levine, 1999), in-
dependent lines of evidence in favour of domestication at Botai have
accumulated over the years. These include the discovery of corral en-
closures around Botai pit houses, and the identification of bit wear da-
mage on molars and mare milk fatty acids in ceramics (Anthony and
Brown, 2011; Olsen, 2006; Outram et al., 2009). Demographic re-
constructions based on mitochondrial DNA variation have also suggested
strongly declining stocks at the time Botai people established more se-
dentary and larger villages with a subsistence model almost exclusively
based on horses (Gaunitz et al., 2018). Current views therefore depict
Botai horses as a mixture of horses managed for transportation and
milking, and horses hunted for meat and hides. In particular, the isotopic
signatures of fatty acids preserved on ceramics have supported the con-
sumption of horse milk on site some ~5500 years ago (Outram et al.,
2009). Despite milking, horse management did not seem to have relied
on pronounced male foal culling, as the sex ratios calculated in this study
on Botai specimens were balanced. Additionally, previous work indicated
the absence of a Schlepp effect at Botai, supporting horse slaughtering on
site (Olsen et al., 2006). The balanced sex ratios observed in this study
demonstrate that horse meat was obtained equally from those males and
Table 2











Goyet_Vert273 CGG_1_018502 HiSeq2500 shotgun 2,488,558 106,461 4.28% 7.57% 0.26 0.002
Goyet_Vert275 CGG_1_018504 HiSeq2500 shotgun 1,423,704 26,094 1.83% 1.61% 0.46 0.000
Goyet_Vert277 CGG_1_018506 HiSeq2500 shotgun 2,804,799 5874 0.21% 0.97% 0.02 0.000
Goyet_Vert285 CGG_1_018514 HiSeq2500 shotgun 5,400,140 6771 0.13% 2.01% 0.02 0.000
Goyet_Vert287 CGG_1_018516 HiSeq2500 shotgun 6,283,312 375,354 5.97% 2.03% 1.58 0.007
TrouMagrite_Vert288 CGG_1_018517 HiSeq2500 shotgun 8,562,409 2611 0.03% 0.73% 0.01 0.000
TrouMagrite_Vert289 CGG_1_018518 HiSeq2500 shotgun 3,750,626 2194 0.06% 0.55% 0.01 0.000
TrouMagrite_Vert291 CGG_1_018520 HiSeq2500 shotgun 4,830,630 29,720 0.62% 1.50% 0.58 0.001
Goyet_Vert295 CGG_1_018524 HiSeq2500 shotgun 1,338,640 5476 0.41% 0.37% 0.02 0.000
Goyet_Vert297 CGG_1_018526 HiSeq2500 shotgun 6,624,274 7424 0.11% 0.70% 0.02 0.000
Goyet_Vert298 CGG_1_018527 HiSeq2500 shotgun 3,387,325 43,821 1.29% 0.50% 0.09 0.001
Goyet_Vert301 CGG_1_018530 HiSeq2500 shotgun 2,388,392 48,899 2.05% 3.30% 0.43 0.001
Goyet_Vert302 CGG_1_018531 HiSeq2500 shotgun 6,070,341 6961 0.11% 2.01% 0.02 0.000
Goyet_Vert303 CGG_1_018532 HiSeq2500 shotgun 63,696,650 28,202 0.04% 33.43% 0.07 0.000
Goyet_Vert305 CGG_1_018534 HiSeq2500 shotgun 3,313,562 17,439 0.53% 3.72% 0.14 0.000
Goyet_Vert308 CGG_1_018537 HiSeq2500 shotgun 60,287,514 599,579 0.99% 51.22% 1.68 0.007
Goyet_Vert312 CGG_1_018541 HiSeq2500 shotgun 3,505,284 30,323 0.87% 1.77% 0.63 0.001
TrouMagrite_Vert331 CGG_1_018560 HiSeq2500 shotgun 6,651,565 70,252 1.06% 1.37% 0.12 0.001
TrouMagrite_Vert332 CGG_1_018561 HiSeq2500 shotgun 7,302,824 373,514 5.11% 1.31% 1.21 0.007
Table 3
p-values associated with different shift dates. The global dataset includes all 268 individuals included in this study; the reduced dataset excludes sites for which at
least five horses but only one sex was identified, and consists of 224 individuals. The Fisher’s exact test calculates whether male:female ratios are significantly
different before and after shift date, while the two-tailed binomial tests whether distributions prior to and after shift date differ from a 1:1 male:female ratio.
shift date Global dataset Reduced dataset
Fisher's exact test binomial two-tailed test pre-
shift
binomial two-tailed test post-
shift
Fisher's exact test binomial two-tailed test pre-
shift
binomial two-tailed test post-
shift
4600 BP 3.68e-05 1 2.57e-14 0.0039 1 1.05e-06
4500 BP 3.68e-05 1 2.57e-14 0.0039 1 1.05e-06
4400 BP 2.24e-05 1 1.81e-14 0.0038 1 8.74e-07
4300 BP 2.24e-05 1 1.81e-14 0.0038 1 8.74e-07
4200 BP 2.24e-05 1 1.81e-14 0.0038 1 8.74e-07
4100 BP 2.24e-05 1 1.81e-14 0.0038 1 8.74e-07
4000 BP 2.80e-05 0.912 2.81e-14 0.0060 0.912 1.24e-06
3900 BP 4.17e-06 1 3.75e-15 0.0016 1 3.37e-07
3800 BP 1.13e-05 0.834 9.94e-15 0.0017 0.834 1.19e-07
3700 BP 1.13e-05 0.834 9.94e-15 0.0017 0.834 1.19e-07
3600 BP 1.13e-05 0.834 9.94e-15 0.0017 0.834 1.19e-07
3500 BP 2.49e-05 0.688 2.46e-14 0.0073 0.688 1.70e-06
3400 BP 2.49e-05 0.688 2.46e-14 0.0073 0.688 1.70e-06
3300 BP 2.49e-05 0.688 2.46e-14 0.0073 0.688 1.70e-06
3200 BP 5.26e-05 0.538 6.05e-14 0.0116 0.538 3.46e-06
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females slaughtered on site. Furthermore, demographic reconstructions
based on Bayesian skyline plots and tip-dated whole mitochondrial
genomes indicated declining horse stocks during the Eneolithic (Gaunitz
et al., 2018). This suggested that Botai people may have started mana-
ging horses to maintain access to a resource that was essential to their
subsistence economy, in line with the expectations of prey-domestication
pathways described in (Zeder, 2012). The absence of biased sex ratios
observed in our study likely indicates that the exploitation of both horse
male and female carcasses ensured that sufficient meat was acquired.
The time period around ~3900 years ago marked a drastic shift in
male:female sex ratios inferred from excavated remains, after which the
horse osteological record comprises approximately four males for every
female (Fig. 2). This over-representation of horse males was maintained
when disregarding those animals excavated from ritual burial sites (77/
25 ~ 3.08 males for every female) and even more pronounced in the
animal bones found in funerary contexts (66/14 ~ 4.71 males for every
female). This indicates that the status of male and female horses drama-
tically changed during the Bronze Age period. This is in line with ar-
chaeozoological evidence from the Late Bronze Age cemeteries of the
Volga-Ural region associated with the Sintashta, Potapovka and Petrovka
cultures, that suggest a domination of male horses in funerary rates
(Kosintsev, 2010). Interestingly, this pattern somehow mirrors that ob-
served in humans, for whom a clear binary gender structure ubiquitous
across all funerary practices, clothing, personal ornaments and
representations is not observed during the Neolithic but became the norm
from the transition between the Neolithic and the Bronze Age onwards
(Robb and Harris, 2018). In addition, the prevalence of male horses in
funerary contexts throughout the past three millennia is in line with ar-
chaeological evidence from burial sites (Bertašius and Daugnora, 2001;
Taylor, 2017) and suggests that stallions (or geldings) were more prized
for sacrificial rituals. This is possibly due to symbolic attributes then-as-
sociated with masculinity, mounted warriors and chariotry, such as power,
protection and strength (Frie, 2018). In particular, petroglyph images as-
sociated with vehicles, characterized by two wheels with spokes, became
typical by the late third – early second millennium BCE (Jacobson-Tepfer,
2012). They are generally associated with male warriors and the emer-
gence of mobile warfare (Anthony, 2007) or ritual needs, in particular the
passage to the after-life land (Jones-Bley, 2000). This suggests an essential
ideological role of stallions and their use in elite warfare and ritual prac-
tices (Drews, 2004; Kelekna, 2009; Novozhenov and Rogozhonskiy, 2019).
5. Conclusion
The analysis of genome data from 268 ancient horses showed that
unlike other herbivorous megafaunal species, males were not over-re-
presented in the Upper Palaeolithic horse fossil record, suggesting that
horse dimorphic behavior and social herd structure most likely did not
impact on their taphonomy. We further found that the male:female sex
Fig. 2. Evolution of male ratios through time. Error bars indicate standard deviations from binomial distributions, figures above error bars indicate the number of
samples in each bin.
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ratio stayed steady until ~3900 years cal. BP, including at Botai, which
indicates that early horse herding practices introduced no particular
preference for one sex. However, we noted a striking prevalence of
males in archaeological horse bone assemblages over the last
~3900 years, which is concomitant with human representations and
funeral practices becoming systematically gendered. Future research
should focus on assessing the molecular sex of horses from Early and
Middle Bronze Age Pit Grave and Catacomb cultures, which do show
evidence for social inequality, but for which sex inequalities remain to
be investigated. Regardless, our observations show that the emergence
of a gendered vision of the world in the Bronze Age also extended to the
domestic animal sphere. Whether this only applies to the horse, as the
animal of prestige by excellence, or also extends to other domestic
animals, such as dogs, pigs and cattle, remains to be investigated.
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Appendices
Fig. A1. Evolution of male ratios through time for the reduced dataset. The reduced dataset excludes sites for which at least five horses but only one sex was
identified, and consists of 224 individuals. Error bars indicate standard deviations from binomial distributions, figures above error bars indicate the number of
samples in each bin.
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